INTRODUCTION
============

Mineral Trioxide Aggregate (MTA) is indicated for retrograde filling due to its favorable physicochemical and biological properties[@B24]. Considering that the main component of MTA is Portland Cement (PC), several studies have demonstrated that these two materials present similar properties[@B5]. Bismuth oxide (BO), the radiopacifying agent in MTA, interferes negatively with MTA properties by increasing its porosity and, consequently, lowering its resistance[@B6]. For this reason, new radiopacifying agents have been evaluated as alternatives to BO; as niobium oxide, a metal which is commonly combined with titanium for endosseous implants that displays excellent biocompatibility and mechanical resistance and is impervious to corrosion and disintegration[@B16] ^,^ [@B21]. More recently, niobium oxide (NbO) has been evaluated as a radiopacifying agent for dental cements[@B27]. Several authors have studied the ability of this metal to form apatite crystals when coming in contact with body fluids[@B11], as well as the *in vitro*behavior of niobium-containing alloys[@B28].

MTA in contact with osteoblastic cells (MG-63) provided cell adhesion and proliferation[@B2], and induced collagen formation in the culture[@B23]. When the same cell line was cultured on the surface of a niobium-containing titanium alloy, rapid cell growth associated with greater alkaline phosphatase (ALP) activity and high levels of osterix, osteocalcin, and bone sialoprotein gene expression were observed[@B26]. Similar results for ALP activity in rat osteoblastic cells (MC3T3-E1) were also reported[@B18], concluding that niobium is capable of stimulating proliferation and differentiation of osteoblastic cells.

Since PC-based materials present potential applications in Dentistry, the aim of this study was to evaluate the radiopacity, cytotoxicity, and bioactivity of PC combined with NbO micro and nanoparticles as alternatives to BO as a radiopacifying agent.

MATERIAL AND METHODS
====================

For analysis of the different materials' properties, the following groups were established: 1) PC (CPB40 Estrutural Votoran, Votorantim Cimentos, São Paulo, SP, Brazil); 2) MTA Angelus (Angelus, Londrina, PR, Brazil); 3) PC+30% NbO microparticles (Nbµ) (CBMM, Companhia Brasileira de Metalurgia e Mineração, Araxá, MG, Brazil); 4) PC+30% NbO nanoparticles (Nbη).

To obtain the Nbη, the polymeric precursor method was used, at the Physics Institute of São Carlos (University of São Paulo, São Carlos, SP, Brazil). An aqueous solution of ammonium niobium oxalate (CBMM, Companhia Brasileira de Metalurgia e Mineração, Araxá, MG, Brazil) was prepared, and ammonium hydroxide was added to form a precipitate of niobium hydroxide. This was filtered and washed to eliminate the oxalate ions, and then dissolved in an aqueous citric acid solution. The niobium content present in the solution was determined by gravimetric analysis, and the solution was maintained under agitation at 70°C for 2 h for reaction. Ethylene glycol was added in the ratio of 60:40, and the solution was maintained heated and under agitation. This solution was heated to 300°C in an electric oven for 4 h, and the resultant mass was ground and calcinated in an electric oven to 700°C on aluminum plates for 2 h-127. All cements were prepared according to the proportions mentioned in [Figure 1](#f01){ref-type="fig"}.

Figure 1Experimental materials evaluated and proportions used

Radiopacity
-----------

To evaluate the radiopacity, standardized specimens measuring 10 mm in diameter by 1 mm in thickness were positioned on occlusal radiographic films (Insight, Kodak Comp, Rochester, NY, USA) and radiographed along with an aluminum step-wedge, presenting variable thickness of 2-mm increments (from 2 to 16 mm, [Figure 2](#f02){ref-type="fig"}). The radiograph images were digitized using a desktop scanner (SnapScan 1236, Agfa, Munich, Germany), and the density of the different sample areas were expressed in millimeter of Al in accordance to the aluminum step-wedge using the ImageTool software (Image Tool for Windows version 3.0, San Antonio, TX, USA)[@B25]. Statistical analysis was performed by ANOVA and Tukey's parametric tests (n=5 areas/group).

Figure 2Radiograph showing the specimens made of different materials alongside the aluminum step-wedge

Cell culture
------------

Osteoblastic cells derived from human osteosarcoma (Saos-2, ATCC HTB-85) were grown as monolayer cultures in T-75 flasks (Costar, Corning Incorporated, Corning, NY, USA) containing Dulbecco's Modified Eagle Medium (DMEM, Gibco, Glasgow, UK) supplemented with 10% fetal bovine serum (FBS, Gibco, Glasgow, UK) and 1% solution of penicillin and streptomycin (PenStrep, Gibco, Glasgow, UK) at 37°C, 5% CO~2~, and 95% humidity. After confluence, the cells were detached by trypsin/ethylenediaminetetraacetic acid mixture (Trypsin-EDTA solution - 0.25%, Sigma-Aldrich, St. Louis, MO, USA) for 2 minutes, centrifuged in 15 mL Falcon tubes (Costar, Corning Incorporated, Corning, NY, USA), and plated on 24-well plates (TPP - Techno Plastic Products, Zollstrasse, Trasadingen, Switzerland) for further assays at a density of 2x10^4^ cells *per* well (n=3 wells/material).

Cements extracts
----------------

The powder of each test material was weighed, and 1 g was placed at the bottom of 50 mL Falcon tube (Costar, Corning Incorporated, Corning, NY, USA) and exposed to UV light for 15 minutes to prevent bacterial contamination. Each tube containing the different materials received 10 mL of DMEM medium and was incubated for 4 hours at 37°C and 95% humidity. Thereafter, the samples were centrifuged to remove the debris and to obtain clear stock solutions of fresh cement extracts (ratio of 1 g cement:10 mL of DMEM). The stock solutions were diluted in DMEM and three elute concentrations were prepared for the cell viability assays: 50 mg/mL, 10 mg/mL, and 2 mg/mL[@B10].

Cell viability assay (MTT)
--------------------------

To assess the cell viability rate, the Saos-2 were exposed to the experimental material extracts for the periods of 1, 3, and 7 days. The cells exposed to the culture medium were the positive control of viability (CT). After the incubation periods, the medium was changed to 900 µL of DMEM medium without FBS and 100 µL of MTT solution (5 mg/mL of MTT Formazan, Sigma-Aldrich, St. Louis, MO, USA). The culture plates were incubated for an additional 4 h at 37°C, 5% of CO~2~, and 95% humidity. After that, the MTT solution was washed and the crystals formed at the bottom of the culture plates were solubilized in 500 µL acid isopropyl alcohol (HCl; isopropyl alcohol, 0.04N). Samples containing 100 µL were transferred to 96-well plates (TPP - Techno Plastic Products, Zollstrasse, Trasadingen, Switzerland) and analyzed in an automatic microplate reader (VersaMax ELISA Microplate Reader, Molecular Devices, Sunnyvale, CA, USA) set to an optical density of 570 nm^22^. The experiment was repeated three times independently and the obtained data were analyzed by ANOVA and Tukey's-HSD *post-hoc* test (level of significance: p≤0.05).

ALP activity assay
------------------

After incubation with cement extracts at 10 mg/mL for the periods of 1, 3, and 7 days (concentration of choice according to MTT results), the cells were washed with 1 mL of phosphate-buffered saline (PBS 1X, Gibco, Glasgow, UK) and 1 mL of sodium lauryl sulfate solution (0.1% SDS, Sigma-Aldrich, St. Louis, MO, USA) was added to each well, followed by incubation for 30 minutes at room temperature. Subsequently, 50 µl were transferred to single tubes for ALP assay using a kit (Labtest, Lagoa Santa, MG, Brazil). The absorbance was read at 590 nm in a spectrophotometer (600 Plµs, Femto, São Paulo, SP, Brazil)[@B20]. The experiment was repeated three times independently and the data obtained were subjected to Kruskal-Wallis non-parametric test and to pairwise comparisons by Dunn's method (level of significance: p≤0.05).

Statistical analysis
--------------------

All data were presented as mean and standard deviation of the mean. The results were analyzed with the software program GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA).

RESULTS
=======

Radiopacity evaluation
----------------------

The results presented in [Table 1](#t1){ref-type="table"} demonstrate greater mean radiopacity for MTA Angelus (A) followed by Nbµ and Nbη, which did not differ statistically from each other (B).

Table 1Radiopacity mean values (mm Al) of the evaluated materials. Equal letters represent no statistical difference (p\>0.05)MaterialRadiopacity (mm Al)PC1.145^C^MTA5.018^A^Nbµ3.371^B^Nbη3.701^B^

Cell viability assay (MTT)
--------------------------

In general, all the test groups presented similar pattern of cell viability according to the days of exposure when compared to each other ([Figure 3](#f03){ref-type="fig"}). When compared to control (CT) at day 1, all the groups of cells exposed to the different material extracts presented significant low viability rate in a concentration-dependent manner. The MTA group at 50 mg/mL presented the lowest cell viability rate at days 1 and 3 of cell exposure. The elute concentration of 50 mg/mL presented the lowest cell viability rate when compared to CT. Interestingly, the results revealed an increase at the cell viability in a time-dependent manner, achieving a rate similar to CT at 3 and 7 days of exposure to extracts at the concentrations of 2 mg/mL and 10 mg/mL, with the exception of Saos-2 exposed to 10 mg/mL of MTA at day 3.

Figure 3Viability rate of Saos-2 exposed to test cement extracts. Image of percentage charts representing the results obtained with three independent experiments for each group is shown. Cells without any elute treatment, control group (CT). MTA Angelus cement elute (MTA 2, 10 and 50), Portland cement (PC 2, 10, and 50), PC+30% NbO microparticles (Nbµ 2, 10, and 50), PC+30% NbO nanoparticles (Nbη 2, 10, and 50) cell treatment groups at concentrations of 2, 10, and 50 mg/mL, respectively. Different letters represent significant differences between all cement elute treatments and control group in each time of exposure. ANOVA, Tukey's-HSD *post-hoc* test (p\<0.05)

ALP activity assay
------------------

After 24 h of incubation, the greatest ALP activity was observed for Nbη and PC (*p*\>0.05), followed by MTA Angelus and Nbµ. At 72 h, there was no statistical difference among the groups (*p*\>0.05). At 7 days, PC and Nbµ differed statistically from MTA Angelus and Nbη, which were statistically similar to each other (*p\>*0.05) ([Figure 4](#f04){ref-type="fig"}).

Figure 4ALP activity assay of Saos-2 exposed to test cement extracts. MTA Angelus cement (MTA Angelus), Portland cement (PC 2), PC+30% NbO microparticles (Nbµ), PC+30% NbO nanoparticles (Nbη) cell treatment groups at concentration of 10 mg/mL. Different letters represent significant differences between all cement elute treatments and control group in each time of exposure Kruskal-Wallis, Dunn's method (p\>0.05)

DISCUSSION
==========

Since bismuth oxide (BO) interferes negatively in MTA, NbO may represent an alternative to replace it. In the present study, the results from the radiopacity assays demonstrated that addition of NbO micro and nanoparticles to MTA Angelus resulted in similar radiopacity values, above 3.0 mm Al. The ISO 6876/2001 standards[@B13] established that endodontic filling materials should present radiopacity of at least 3.0 mm Al. According to ANSI/ADA[@B1], endodontic cements should be at least 2.0 mm Al more radiopaque than dentin or bone. Therefore, all the materials evaluated in this study, except for PC, presented radiopacity above the values recommended by ANSI/ADA and are in accordance with ISO 6876/2001.

In regards to biological responses *in vitro*, cell viability and bioactivity tests are important to assess the cell damage and the biological action potential of various materials. For this purpose, we used the Saos-2 osteoblastic cell line. These cells allow evaluation of long-term effects in the differentiation of osteoblasts such as ability to deposit the extracellular matrix for mineralization, which is an adequate means to assess the formation of mineralization modules induced by exposure to different cements[@B19].

The cell viability assay (MTT) showed lower results for the cements and MTA Angelus after 24 h when compared to the control. This is probably due to rapid pH changes, which initially may acted as an aggression against the cells[@B17]. However, at concentrations of 2 mg/mL and 10 mg/mL, the materials presented viability equal or above that of the control, which is a response similar or better than that of MTA Angelus, increasing the percent of viable cells during days. From 3 days, all groups have similar to control. These results are in accordance with other study[@B10], in which the cytotoxicity of different radiopacifying agents combined with PC at the same concentrations were evaluated.

The MTT results lead to the selection of 10 mg/mL as the appropriate concentration to evaluate the bioactivity by ALP assay. This test demonstrated that Nbμ and Nbη stimulated Saos-2 producing ALP similar to MTA Angelus in 72 h and similar to Nbη in 7 days. The Nbμ was better than MTA Angelus in 7 days, confirming the mineralization potential which is fundamental for bone formation. The ALP activity induced by PC and MTA on the Saos-2 cells was previously studied[@B8], and the results demonstrated that PC and MTA can induce mineralization in this cell line. Saos-2 has also been used to evaluate the mineralization potential and ALP activity promoted by hydroapatite-based materials[@B4] ^,^ [@B12], which are recommended as biomaterials to induce bone regeneration.

The satisfactory results for ALP activity in the cells exposed to cements containing niobium micro and nanoparticles may be related to the effect of niobium on mineralization and bioactivity[@B15]. Studies about the interaction of MC3T3-E1 osteoblastic cells with niobium clearly showed the formation of a superficial layer of calcium phosphate due to niobium alkalinization, which may favor the repair process of hard tissues[@B9]. Furthermore, *in vivo* analysis of NbO demonstrated no changes on hematological and leukocytes cells, and decreased cytotoxicity during the evaluated periods[@B7].

The methods proposed in this study are *in vitro* models, which are simple, reproducible, and cost-effective assays, indicated to evaluate the biological properties of endodontic sealers. *In vivo* testing should be performed after obtaining a favorable response on *in vitro* assays[@B14]. However, *in vitro* evaluation can give us an overview of the biological effects of the materials, suggesting outcomes to *in vivo* studies[@B3].

CONCLUSION
==========

The results demonstrate that replacement of BO with NbO is viable, based on radiopacity, cell viability, and bioactivity assays. However, further studies are required in order to evaluate other mechanical and biological properties of NbO and to achieve better understanding of this radiopacifying agent.
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